Clarifying the mechanisms of heavy metal (HM) accumulation and translocation from soil-root-leaf is crucial to coping with soil HM pollution. In this study, we analysed copper (Cu), manganese (Mn), zinc (Zn) and cadmium (Cd) accumulation characteristics in Chinese turnips and the effect of soil physicochemical properties on both HM accumulation and translocation. Our results indicate that Chinese turnips absorb and translocate Mn, Zn, and Cd at much higher levels than they do Cu. When we measured bioconcentration factors in Chinese turnips for different HMs in the same soil, we found Chinese turnip capacities for HM accumulation decrease from Zn > Mn > Cd > Cu. In addition, the translocation factor for these HMs decreases from Mn > Cd > Zn > Cu. Correlation analysis indicates that soil pH and various soil components are either negatively or positively correlated with Mn, Zn, and Cd accumulation; also, soil properties are correlated with Mn translocation from root to leaf. These findings may help evaluate HM accumulation and translocation mechanisms as well as artificially regulate HM uptake levels from soils to turnips.
Introduction
The existence of heavy metals (HMs) in soil is of great concern because of their potential toxicity (Khan et al., 2015 (Khan et al., , 2016 . Even at low concentrations, HMs may be toxic to plants, animals, and humans (Di Salvatore et al., 2008; Khan et al., 2016) . Reducing the risk of HM toxicity to humans requires minimizing HM concentrations in crops and vegetables. Hence, research on soil HMs has focused on reducing the bioavailability of HMs in soils or weakening the HM absorption capacity of plants (Arshad et al., 2016; Che et al., 2016) . Conversely, numerous methods have been employed for remediating contaminated soils (Buendia-Gonzalez et al., 2010) . Phytoremediation, which is economic and eco-friendly, is considered a promising method for soil remediation (Ehsan et al., 2014; Sarwar et al., 2017) . Phytoremediation mainly depends on the HM absorption and translocation capacities of plants; thus, high-HM accumulation species, especially hyperaccumulators, are good contributors in phytoremediation (Gerhardt et al., 2017) . However, plant biomass is also an important factor of phytoremediation efficiency. Phytoremediation is generally a slow process because few plants possess a large biomass and also have the capacity to accumulate high levels of HMs. Additionally, single phytoremediation may produce limited effects on contaminated soils with multiple HMs because plants often have distinct HM accumulation capacities (Xie et al., 2016; Zhou et al., 2016) . Therefore, in addition to understanding the mechanisms of HM accumulation in plants, it is critical to screen for more efficient high-HMaccumulating plants.
Several recent studies have investigated the soilerooteleaf transfer mechanism of HMs (Yin et al., 2011; Khan et al., 2016) . Environmental factors, such as soil properties, have been shown to regulate accumulation levels of HMs in plants (Gustin et al., 2009; Benis et al., 2015; Huang et al., 2016; Velickovic et al., 2016) . Specifically, the physicochemical properties of soil, including pH, electrical conductivity (EC), organic matter content, and cation exchange capacity (CEC), have been found to affect the absorption of HMs in plants (Yu et al., 2014) . However, the same soil property can have differential effects on different HM-plant systems (Yu et al., 2014) . For example, a study reported that the soil CEC and exchangeable calcium (Ca) are important indexes for predicting the critical value of nickel (Ni) to barley and tomato (Rooney et al., 2007) , whereas two other reports found that soil pH rather than soil CEC significantly affects the critical value of Ni toxicity in barley or tomato (Zhang et al., 2009; Li et al., 2011) . Therefore, analyzing the effect of soil properties on the HM accumulation characteristics of plants for specific HM-plant systems is of great importance in assessing the safety risks of crop and vegetable foodstuffs or phytoremediation efficiency.
Turnip (Brassica rapa var. rapa Lin.) is a cruciferous biennial species that is widely cultivated in Europe, Asia, and America as a local vegetable or fodder. To date, several studies have investigated the turnip accumulation characteristics for various HMs, including cadmium (Cd), lead (Pb), zinc (Zn), copper (Cu), and manganese (Mn) (Parveen et al., 2015; Li et al., 2016) . However, these studies have produced inconsistent conclusions about the HM accumulation capacity of turnips for certain HMs (Bingham et al., 1975; Parveen et al., 2013) . This might be partially attributed to the diverse soil environment backgrounds. Among the various HMs, Cd accumulation in turnip has attracted significant attention because of its high toxicity, wide distribution and high mobility in soils (Moreno-Caselles et al., 2000; Wei et al., 2006) . The turnip has been designated as a high-Cd-accumulating species (Arthur et al., 2000) , and Chinese turnips have been recently reported to possess a strong capacity for accumulating Cd under mucky soils (Li et al., 2016 (Li et al., , 2017 . These findings indicate both the possibility that animals and humans may be at risk of Cd toxicity from turnip foodstuffs and that turnips have a potential role in phytoremediation. However, the HM accumulation characteristics of Chinese turnips for non-Cd HMs are still unknown. It is also unclear whether different soil types affect turnip HM accumulation characteristics.
In this study, we first examined the accumulation and translocation characteristics of four HMs (Cu, Mn, Zn, and Cd) in the Chinese turnip. Then, we analysed whether physicochemical soil properties affect HM accumulation or translocation in Chinese turnip. The results can help us to further assess the risk of HM toxicities to animals and humans via turnip foodstuff or the potential values of turnip for phytoremediation.
Materials and methods

Soil preparation
To investigate the effects of soil properties on HM accumulation in turnip, we prepared four different HM-contaminated soils and measured their physicochemical properties (Table 1) . A total of 15 kg of dried soil of each soil type filled uniform watertight boxes (length: 64 cm; width: 44 cm; height: 26 cm).
Plant culture and harvest
Turnip seeds (Landrace KTRG-B54) were germinated in the greenhouse and grown for five weeks. Then, seedlings that showed consistent growth were transplanted into prepared boxes, three seedlings to a box. The boxes were placed under natural light and temperature, and watered appropriately. After growing for one month, the root and leaf parts of the plants were collected, and the roots were cleaned with ultrapure water. The samples were dried at 80 C for 48 h before being weighed. The root and leaf parts of plants growing in different soil types were then used to measure Cu, Mn, Zn and Cd concentrations.
Detection of HM concentrations
The four HM concentrations were determined according Li et al. (2016) . Briefly, approximately 0.5e1.0 g of dried samples were added to the polytetrafluoroethylene digestion tanks. Then, 5 mL of HNO 3 was injected, and the tanks were left to stand. After the reactions, the tanks were sealed with caps and placed into a microwave digestion instrument (WX-8000, Yi Yao Instrument, Shanghai, CN) for digestion. When the temperature cooled below 50 C, the digestion tanks were taken to the fume hood. The digestion solutions were transferred to 50-mL volumetric flasks, and filled to 50 mL by rinsing three times using ultrapure water. The blank control was treated using the same method. The sample solutions were detected using an inductively coupled plasma mass spectrometer (ICP-MS, Thermo Fisher Scientific, USA), and the HM contents were calculated according to the standard curve.
To draw the standard curve, the content of the respective standard solutions (1 mg mL À1 ) of Cu, Mn, Zn and Cd were diluted with 5% HNO 3 to a 20-mg L À1 stock solution. The stock solution was then prepared into 0, 8, 16, 24, 32, 48 , and 64 mg L À1 standard solutions for detection. The standard curve was drawn only when the linear correlation coefficient was greater than 0.99.
Parameter calculation
To understand the absorption and translocation characteristics of turnip of different HMs, two parameters, namely bioconcentration factor (BCF) and translocation factor (TF), were introduced (He, 2013). BCF represents the ratio of plant HM concentration to the soil HM concentration, while TF is the ratio of HM concentration in the leaf to that in the root.
Statistical analysis
One-way ANOVA was used to analyse the significant differences among multiple samples. Linear regression and Pearson correlation analyses were performed to identify the correlations. These statistical analyses were performed using SPSS version 18.0.
Results
HM accumulation in turnip plants under different soil types
The concentrations of four HMs in leaves and roots of different samples were measured. The Cu concentrations in turnip roots ranged from 4.90 (Soil C) to 7.70 mg kg À1 DW (Soil D) and 4.22e6.64 mg kg À1 DW in leaves (Fig. 1A) . However, no significant (Fig. 1D) . The leaf Cd concentration in turnip plants in Soil D was significantly higher than in those cultivated in the other three soil types (P < 0.05) (Fig. 1D ).
BCFs and TFs of different HMs in turnip plants under different soil types
In order to reflect HM absorption and distribution characteristics in turnips under different soil types, BCF and TF parameters were calculated for each sample. The changes in the BCFs of the four HMs under different soil types are shown in Fig. 2A . The Cu BCFs in turnip leaves ranged from 0.40 (Soil A) to 0.65 (Soil D) ( Fig. 2A) , without significant differences among different plants cultivated in the four soil types (Fig. 2A) . The Mn BCFs in turnip leaves were 0.87, 1.57, 1.13 and 13.58 in Soils A, B, C and D, respectively, and the Mn BCF in turnip leaf in Soil D was significantly higher than in those cultivated in the other three soil types (P < 0.05; Fig. 2A ). The Zn BCFs in turnip leaves were 3. 53, 6.56, 5.75 and 19.45 in Soils A, B, C and D, respectively, and the Zn BCF in turnip leaf in Soil D was significantly higher than in those cultivated in the other three soil types (P < 0.05; Fig. 2A ). The Cd BCFs in turnip leaves were 1.27, 0.71, 1.07 and 3.35 in Soils A, B, C, and D, respectively, and the Cd BCF in the turnip leaf in Soil D was significantly higher than in those cultivated in the other three soil types (P < 0.05; Fig. 2A) .
The changes in the TFs of the four HMs under different soil types are shown in Fig. 2B . The Cu TFs in turnip plants ranged from 0.86 (Soil D) to 1.25 (Soil B) (Fig. 2B) , without significant differences among the different plants cultivated in the four soil types (Fig. 2B) . Similar results were observed in the Zn and Cd TFs in turnip plants, which ranged from 1.45 (Soil C) to1.81 (Soil B) and from 1.91 (Soil A) to 2.73 (Soil D), respectively (Fig. 2B) . The Mn TFs in turnip plants were 1.59, 3.32, 2.98 and 4.94 in Soils A, B, C and D, respectively, and the Mn TF in turnip in Soil D was significantly higher than that cultivated in Soil A (P < 0.05; Fig. 2B ).
The differences in the BCFs of the four HMs under the same soil type are shown in Fig. 2C . For plants grown in each soil type, the Zn BCF was the highest followed by the Mn BCF (P < 0.05; Fig. 2C ). The BCFs of Cu and Cd were similar in Soils B, C and D, whereas the Cd BCF was significantly higher than that of Cu (P < 0.05; Fig. 2C ). The differences in the TFs of the four HMs under the same soil type are shown in Fig. 2D . In Soil A, the TFs of the four HMs were similar (Fig. 2D) . The Mn TFs were the highest, and the Cu TFs were the lowest in Soils B, C and D (P < 0.05; Fig. 2D ). The TFs of Zn and Cd were similar in Soil B, whereas the Cd TFs were much higher than those of Zn in Soils C and D (P < 0.05; Fig. 2D ).
Correlation analysis between the BCFs and the soil properties
In order to understand the effects of soil factors on HM accumulation in turnip, we performed correlation analysis between soil factors and the BCFs of four HMs. The Cu BCF in turnip leaf was negatively correlated with soil pH (P < 0.05) ( Table 2 ). However, the Mn, Zn and Cd BCFs in the turnip leaves were significantly affected by various soil properties (P < 0.05) (Table 2); they were significantly negatively correlated with soil pH, the contents of total N, total P, available K, Cu, Mn and Zn (excluding Cd BCF) and exchangeable Ca, whereas they had significantly positive correlations with the contents of organic matter, humus and available Fe (P < 0.05 or P < 0.01) ( Table 2) . Data are means ± standard errors. Different letters labelled on the same colour bars indicate significant differences using Tukey's test (n ¼ 3, P < 0.05; AeD).
Correlation analysis between the TFs and the soil properties
We also performed correlation analysis between soil factors and the TFs of four HMs to understand the effects of soil factors on HM translocation from roots to leaves in turnip. The TFs of Cu, Zn and Cd in the turnip plants had no significant correlations with the soil properties (Table 3) . However, the TF of Mn in turnip was significantly negatively correlated with soil pH, the contents of total N, available K, Cu and Zn and exchangeable Ca, whereas it showed significantly positive correlations with the contents of organic matter, humus and available Fe (P < 0.05 or P < 0.01) ( Table 3) . The bold data imply significant correlation. a Correlation is significant at the 0.05 level. b Correlation is significant at the 0.01 level.
Discussion
In this study, we show that (1) Chinese turnips have a strong ability to accumulate and transport various HMs, and that (2) the accumulation and transport of different HMs are affected by diverse soil factors. The ability of Chinese turnips to accumulate and transport HMs was shown by our calculation of bio-concentration factors and translocation factors. The BCF values show that Chinese turnips accumulate Mn, Zn, and Cd at much higher levels than they accumulate Cu. When we calculated translocation factors, we found that Chinese turnips have a strong ability to transfer Mn, Zn, and Cd from root to leaf. Both the strong ability of turnips to accumulate and transport HMs is consistent with previous studies on Cd accumulation in turnips (Li et al., 2016 (Li et al., , 2017 .
These results suggest that Chinese turnips may act as hyperaccumulators. Hyperaccumulators, which are plants suitable for use in phytoremediation, are defined as plants with BCF and TF values higher than one (He, 2013) . Previous studies have shown that some Chinese turnip landraces are Cd hyperaccumulators (Li et al., 2016) . Our BCF and TF values for Mn and Zn in Chinese turnips also satisfy the standard of hyperaccumulators. However, the maximum concentrations of Mn and Zn in turnips are still unknown, and it remains unclear whether turnips can serve as Mn or Zn hyperaccumulators.
Our findings also suggest that in addition to being a candidate plant for phytoremediation of either single or multiple HM pollution, Chinese turnips may be able to play a role in the intake of mineral nutrition, including Cu, Mn, and Zn (see Ma et al., 2016) . Functional studies on the regulatory genes of the various HM accumulation characteristics in Chinese turnips are critical, as understanding the molecular mechanisms underlying HM accumulation is a promising method for effectively dealing with HM pollution and reducing the HM intake risk of crop plants; alternatively, this understanding may increase the efficiency of phytoremediation of HM-contaminated soils through the genetic engineering technology (Liu et al., 2017; Luo et al., 2018) .
Evidence that the accumulation and transport of different HMs are affected by diverse soil factors has been demonstrated in three ways. First, soil pH was negatively correlated with accumulation of all four HMs (Zn, Mn, Cd, Cu) examined in turnips leaves. These results, which are similar to previous studies (Zhang et al., 2009; Li et al., 2011; Liao et al., 2013; Yu et al., 2014) , might be explained by the fact that (1) these metal ions, including Zn and Cd, are more mobile in acidic soil (Velickovic et al., 2016) , and (2) the bioavailability of some HMs, such as Cd, decreases as the pH value increases under environments with pH > 6 (Liao et al., 1999) .
Second, we found that other soil components showed either positive (e.g. organic matter, humus or available Fe) or negative (e.g. total N or P, available K and exchangeable Ca) correlations with accumulation of Mn, Zn and Cd, but not Cu, in turnip leaves. For example, we found that several exchangeable or available metals can disturb the accumulation of Mn, Zn, and Cd. This may be attributed to ion competition, as many studies have shown that metal transporters may have multiple metal substrates (Migocka et al., 2015) . Our results are partly consistent with previous studies (Sloan et al., 1997; Brown et al., 1999; Liao et al., 2013) . However, it must be acknowledged that soil material contents may have opposing effects on HM accumulation in different soil-plant systems. For example, our results support the findings of the finding of Sloan et al. (1997) that adding organic matter in soils improves HM accumulations in plants, but contradict the work of Brown et al. (1999) , who reached the opposite conclusion. One possible explanation for these contradictory conclusions might be the types of organic matter in the soil, i.e., soluble or solid macromolecule organic matter. Different views also exist on the effects of N or P on HM bioavailability (Li et al., 2000) .
Third, in contrast to our findings on the relationship between soil conditions and HM accumulation, we detected a weak correlation between soil conditions and HM transport in turnips. The transfer of Mn from roots to leaves in turnips was the only HM transport that was either negatively or positively affected by soil pH and various soil components. Although several studies have reported that soil environment can affect the transport of metal ions in plants (Huang et al., 2012) , the underlying reasons for this effect are unclear. One potential explanation for our findings is that a special Mn transport mechanism exists in turnip. In summary, the present study indicates that Chinese turnips have a relatively strong ability to absorb various HMs and transport them to leaves, and that soil conditions affect the accumulation and transport of these HMs. These findings have several potential applications, including the use of turnips in phytoremediation, intake of mineral nutrition, and food safety. Furthermore, understanding the molecular mechanisms underlying the HM accumulation characteristics of these plants may be useful for genetic engineering technology. Importantly, the assessment of these practical applications should be conducted with a full knowledge of plantesoil parameters. Although the effect of each soil factor on HM accumulation requires further verification, some agricultural measures may be used to regulate the HM accumulation in turnips. For example, N, P, K and Ca fertilizers may help reduce HM accumulation in turnips, whereas organic matter and Fe fertilizer may have the opposite effects.
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